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Processing and distributing quantum informa-
tion using photons through fibre-optic or free-
space links is essential for building future quan-
tum networks. The scalability needed for such
networks can be achieved by employing pho-
tonic quantum states that are multiplexed into
time and/or frequency, and light-matter inter-
faces that are able to store and process such states
with large time-bandwidth product and multi-
mode capacities. Despite important progress in
developing such devices, the demonstration of
these capabilities using non-classical light remains
challenging. Employing the atomic frequency
comb quantum memory protocol in a cryogeni-
cally cooled erbium-doped optical fibre, we report
the quantum storage of heralded single photons
at a telecom-wavelength (1.53 µm) with a time-
bandwidth product approaching 800. Further-
more we demonstrate frequency-multimode stor-
age as well as memory-based spectral-temporal
photon manipulation. Notably, our demonstra-
tions rely on fully integrated quantum technolo-
gies operating at telecommunication wavelengths,
i.e. a fibre-pigtailed nonlinear waveguide for the
generation of heralded single photons, an erbium-
doped fibre for photon storage and manipulation,
and fibre interfaced superconducting nanowire
devices for efficient single photon detection. With
improved storage efficiency, our light-matter in-
terface may become a useful tool in future quan-
tum networks.
Multiplexing, particularly in the form of wavelength di-
vision multiplexing, is key for achieving high data rates
in modern fibre-optic communication networks. The re-
alization of scalable quantum information processing de-
mands adapting this concept, if possible using compo-
nents that are compatible with the existing telecom in-
frastructure. One of the challenges to achieve this goal
is to develop integrated light-matter interfaces that al-
low storing and processing multiplexed photonic quan-
tum information. In addition to efficient operation, ease
of integration and feed-forward controlled recall, the suit-
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ability of such interfaces depends on the storage time
for a given acceptance bandwidth, i.e. the interface’s
time-bandwidth product, as well as its multimode stor-
age and processing capacities. It is important to note
that while the multimode capacity of a light-matter in-
terface determines the maximum number of simultane-
ously storable and processable photonic modes, the time-
bandwidth product only sets an upper bound to the mul-
timode capacity for temporally and/or spectrally multi-
plexed photons.
Over the past decade there has been significant
progress towards the creation of such light-matter inter-
faces. One promising approach is based on a far off-
resonant Raman transfer in warm atomic vapour, for
which a time-bandwidth product of 5000 has been re-
ported [1]. However, due to noise arising from (unde-
sired) four-wave mixing, the storage and recall of quan-
tum states of light has proven elusive [2]. This problem
can be overcome using different media, e.g., diamonds
(with storage in optical phonon modes) and laser-cooled
atomic ensembles, for which time-bandwidth products
around 22 have been obtained with non-classical light
[3, 4]. However, the multimode operation of a Raman-
type memory and hence the utilization of the potentially
achievable large time-bandwidth products will remain
challenging due to unfavourable scaling of this scheme’s
multimode capacity with respect to optical depth [5].
Another promising avenue for a multiplexed light-
matter interface is the atomic frequency comb (AFC)-
based quantum memory scheme in cryogenically cooled
rare-earth ion doped materials [6, 7]. An attractive
feature of this approach is that the multimode storage
capacity is independent of optical depth; it is solely
given by the time-bandwidth product of the storage
medium, which can easily go up to several thousands
due to the generally large inhomogeneous broadening
(enabling large storage bandwidth) and narrow homo-
geneous linewidth (allowing long storage times) of opti-
cal transitions in rare-earth ion doped materials. This
aspect has already allowed several important demonstra-
tions, including the simultaneous storage of 64 and 1060
temporal modes by AFCs featuring pre-programmed de-
lays [8, 9], 5 temporal modes by an AFC with recall on-
demand [10], and 26 spectral modes supplemented with
frequency-selective recall [11], respectively. Despite the
importance of these demonstrations, they were restricted
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FIG. 1. Experimental setup. a) Heralded single photon source. Narrow linewidth continuous-wave (CW) light at
766.35 nm wavelength and with 100 µW power is sent to a fibre-pigtailed, periodically-poled lithium niobate (PPLN) waveguide
that is heated to 52.8◦C. A quarter-wave-plate (QWP) and a half-wave-plate (HWP) match the polarization of the light to the
crystal’s C axis to maximize the non-linear interaction. Spontaneous parametric down conversion (SPDC) in the PPLN crystal
results in frequency degenerate photon pairs with 40 nm bandwidth, centred at 1532 nm wavelength. The residual pump light
at 766.35 nm is suppressed by 50 dB by a filter (F) and the bandwidth of the created photons is filtered down to 50 GHz using
a dense-wavelength-division-multiplexer (DWDM). The filtered photon pairs are probabilistically split using a beam-splitter
(BS2). The detection of one member (the idler photon) heralds the presence of the other (the signal photon), which is directed
to the input of the AFC memory. b) Quantum memory. The quantum memory is based on an erbium-doped fibre that
is exposed to a magnetic field of 600 G and cooled to a temperature below 1 K. Light from two independent CW lasers
with wavelengths of 1532.5 and 1532.7 nm, respectively, is used to spectrally tailor the inhomogeneously broadened 1532 nm
absorption line of erbium through frequency-selective optical pumping into one or several atomic frequency combs. Towards
this end, phase-modulators (PM1 and PM2) followed by an acousto-optic modulator (AOM) are used to generate chirped
pulses with the required frequency spectrum. The optical pumping light from the two lasers is merged on a beam-splitter
(BS1) and enters the erbium fibre from the back via an optical circulator. Polarization controllers (PM1 and PM2) match
the polarization to the phase-modulators active axes, and the polarization scrambler (PS) ensures uniform optical pumping
of all erbium ions in the fibre [13]. c) Measurement unit. The detection of the heralding photon (idler) and subsequently
the signal photon is performed by two superconducting nano-wire single photon detectors (SNSPD1 and SNSPD2) maintained
at the same temperature as the memory. The coincidence analysis of the detection events is performed by a time-to-digital
converter (TDC).
to the use of strong or attenuated laser pulses rather
than non-classical light, as required in future quantum
networks. The only exception is the very recent demon-
stration of the storage of photons, emitted by a quantum
dot, in up to 100 temporal modes [12].
In this paper we present a spectrally multiplexed light-
matter quantum interface for non-classical light. More
precisely, we demonstrate large time-bandwidth-product
and multimode storage of heralded single-photons at tele-
com wavelength by implementing the AFC protocol in an
ensemble of erbium ions. As an important feature for fu-
ture quantum networks, our demonstrations rely on fully
integrated quantum technologies, i.e. a fibre-pigtailed
LiNbO3 waveguide for the generation of heralded sin-
gle photons by means of parametric down-conversion,
a commercially available, cryogenically-cooled erbium-
doped single-mode fibre for photon storage and manip-
ulation, and superconducting nanowire devices for high
efficiency single photon detection.
Experiment
Our experimental setup, illustrated in Figure 1, is com-
posed of an integrated, heralded single photon source,
an AFC-based erbium-doped fibre memory, and a mea-
surement unit including two superconducting nanowire
single-photon detectors (SNSPDs).
We generate pairs of energy-time quantum correlated
telecom-wavelength photons – commonly referred-to as
signal (s) and idler (i) – by sending pump light from a
continuous wave (CW) laser operating at 766 nm wave-
length to a periodically poled lithium niobate (PPLN)
waveguide, as shown in Fig 1a. Spontaneous parametric
down conversion (SPDC) based on type-0 phase match-
ing results in the creation of frequency-degenerate photon
pairs centred at 1532 nm wavelength and having a band-
width of about 40 nm. We note that the PPLN waveguide
is fibre pigtailed at both input and output faces (i.e. for
the pump light as well as the down-converted photons),
which makes the source alignment free. After filtering
away the remaining pump light, the spectra of the gen-
erated photons are filtered down to 50 GHz resulting in
a photon-pair generation rate of 0.35 MHz. The ensuing
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FIG. 2. Quantum memory. a) Simplified level scheme
of Er3+ in silica glass. Frequency-selective optical pumping
from the 4I15/2 electronic ground state (|g〉) via the 4I13/2 ex-
cited state (|e〉) into an auxiliary (spin) state (|s〉) allows spec-
tral tailoring. b) Inhomogeneous broadening and AFC
structure. The inhomogeneously broadened optical absorp-
tion line of erbium ions in silica fibre at 1 K extends from
roughly from 1500 nm to 1540 nm wavelength. A 2 GHz-
wide section of a 16 GHz-wide comb at 1532.5 nm with teeth
spacing ∆=200 MHz is shown.
photons are probabilistically separated into two standard
telecommunication fibres using a 50/50 fibre-optic beam
splitter (BS2). One member of each split pair is sent
into an SNSPD featuring a system detection efficiency of
around 70% (see the Methods for details of the SNSPDs).
Its electronic output heralds the other member, which
travels through standard telecommunication fibre to our
light-matter interface (for more details about the her-
alded single photon source see the Appendix 1).
To store or manipulate the heralded single photons, we
prepare an AFC-based memory in a twenty-meter long
erbium-doped silica fibre maintained at a temperature of
0.6-0.8 K and exposed to a magnetic field of 600 G (see
Fig. 1b and the Methods for details). The memory relies
on spectral tailoring of the inhomogenously broadened,
4I15/2 ↔4 I13/2 transition in erbium into a comb-shaped
absorption feature characterized by the teeth spacing, ∆,
as shown in Fig. 2a. The spectral tailoring is performed
by frequency-selective optical pumping of ions into long-
lived auxiliary (spin) levels. When an input photon is
absorbed by the ions constituting the comb, a collective
atomic excitation is created. It is described by:
|Ψ〉 = 1√
N
N∑
j=1
cje
i2pimj∆te−ikzj |g1, · · · ej , · · · gN 〉 , (1)
where N is the total number of addressed atoms, k is the
optical wave number and |gj〉 and |ej〉 are the j’th atom’s
ground and excited states, respectively. The detuning of
the atom’s transition frequency from the photon carrier
frequency is given by mj∆, while zj is the position of the
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FIG. 3. Reversible mapping of broadband, heralded
single photons. Heralded telecom-wavelength photons, cen-
tred at 1532.7 nm wavelength and having a bandwidth of 50
GHz, are mapped onto the AFC memory and recalled after
time tstorage =
1
∆
= 5 ns. The histogram shows time-resolved
coincidence detections collected over 3 minutes. Due to non-
unit absorption probability by the AFC as well as bandwidth
mismatch between the spectra of the photons and the AFC,
a significant portion of the input photons is directly trans-
mitted and detected at zero delay. The light blue highlighted
section bounded by a dotted line in the trace of the recalled
photon (counts scaled by a factor of five) corresponds to the
measurement in which the total AFC bandwidth was 8 GHz;
the red section corresponds to a measurement using a 16 GHz
wide AFC.
atom measured along the propagation direction of the
light, and the factor cj depends on both the resonance
frequency and position of the atom. Due to the periodic
nature of the AFC, the atomic excitation is converted
back to photonic form and the input photon is re-emitted
in the originally encoded state after a storage time given
by the inverse of the peak spacing, tstorage = 1/∆, as
shown in Fig. 2b. The use of erbium doped fibre is par-
ticularly attractive for AFC-based quantum memory be-
cause of its polarization insensitive operation at wave-
lengths within the telecom C-band [13], its ability to store
photonic entanglement in combination of ease of integra-
tion with standard fibre infrastructure [14], and its large
usable inhomogeneously broadened absorption line [15],
which allows for multimode storage and manipulation of
photons with large bandwidth, as detailed below.
Finally, we detect the heralded photons after stor-
age/manipulation using a second SNSPD, featuring simi-
lar performance as that used to detect the heralding pho-
ton. All detection signals are sent to a time-to-digital
converter (TDC) to perform time-resolved coincidence
measurements. This allows us to calculate the cross-
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FIG. 4. Quantum storage with large time-bandwidth
product. 16 GHz wide AFC regions with teeth spacing rang-
ing from 200 MHz to 20 MHz are subsequently programmed
to store heralded single photons for 5 ns to 50 ns. The his-
tograms show measured coincidence rates for recalled photons
for each storage time, and the dashed diamonds depict the
corresponding memory efficiencies (see Appendix 2). Note
that in this figure and henceforth the transmitted pulse at
t = 0 exceeds the vertical scale and thus is capped at the top.
Experimentally obtained g
(2)
si for each storage time are shown
in the inset. The measurement time varied between 5 and 15
minutes.
correlation function
g
(2)
si =
Rsi
RiRs
, (2)
where Rsi is the rate of coincidence detections, and Rs
and Ri are the single detection count-rate for signal and
idler photons, respectively. A classical field satisfies
the Cauchy-Schwarz inequality
[
g
(2)
si
]2
≤ g(2)s g(2)i where
g
(2)
s and g
(2)
i are second-order auto-correlation functions
for signal and idler modes. For photons derived from
an SPDC process, the second-order auto-correlation is
bounded by 1 ≤ g(2)s,i ≤ 2 [16]. Consequently, measuring a
cross-correlation g
(2)
si greater than 2 violates the inequal-
ity and thus verifies the presence of quantum correlations
between the members of the photon pairs. We character-
ize our source for different SPDC pump powers (shown
in Appendix Fig. A1), finding that the cross-correlation
function exceeds 1000 for all powers. Since g
(2)
si  2 im-
plies that the heralded autocorrelation function of the
stored signal photons is 1 [17], we denote these as sin-
gle photons. The details of how g
(2)
si is obtained from the
coincidence counts are given in the Methods.
Results
First, we investigate the storage of broadband heralded
single-photons in an AFC memory – prepared using a
single optical pumping laser at 1532.5 nm – with a total
bandwidth of 8 GHz and 200 MHz tooth spacing (cor-
responding to 5 ns storage time), as shown in Fig. 2b.
The recalled photons are shown as a light-blue trace in
the histogram of coincidence detections in Fig. 3. Ana-
lyzing the correlations between signal and recalled idler
photons, we find g
(2)
si = 8.33±0.47, which shows that the
heralded photons after – and hence also before – storage,
are indeed non-classical, and thus confirms the quantum
nature of our light-matter interface. To improve the stor-
age efficiency and thus the signal-to-noise ratio in the
coincidence counts we increase the storage bandwidth of
the memory to 16 GHz – recall that the bandwidth of
the input photons is 50 GHz. Due to restrictions im-
posed by the level structure of erbium (see Appendix
Fig. A2), the bandwidth increase is achieved by generat-
ing an additional 8 GHz-wide section separated from the
first by around 20 GHz from edge to edge. This entails
using two independent lasers operating at 1532.5 nm and
1532.7 nm wavelength for preparation of the two spec-
trally separated AFCs. As expected, this leads to an im-
provement of the overall memory efficiency and thus co-
incidence count rate from 0.59±0.06 Hz to 1.29±0.13 Hz
(see Fig. 3), and an increase of g
(2)
si to 18.2 ± 0.9. The
number of AFCs, and thus the total storage bandwidth,
can be further increased by employing additional pump
lasers.
Second, to demonstrate quantum storage with large
time-bandwidth product we extend the memory storage
time from 5 ns up to 50 ns. To this end we program
a 16 GHz wide spectral region with two AFCs having
tooth spacing ranging from 200 MHz to 20 MHz. For
each case we map heralded photons onto the double AFC
and collect coincidence statistics for the recalled photons
as shown in Fig. 4. As further detailed in the Supple-
mentary Information of [14], decoherence effects and im-
perfect preparation of the AFCs decreases the memory
efficiency as the storage time increases. Nevertheless, as
shown in the inset of Fig. 4, g
(2)
si remains above 2 up to the
maximal storage time of 50 ns, and thus we demonstrate
the storage of non-classical light with a time-bandwidth
product up to 800 (i.e. 16 GHz × 50 ns). This is an
improvement over the current state-of-the-art by close to
a factor of 40.
Third, to establish the multimode operation of our
quantum light-matter interface, we divide the total cur-
rently accessible bandwidth – 18 GHz for this experi-
ment – into different numbers of AFC sections, and pro-
gram each section with a different storage time ranging
from 3-13 ns. This allows identifying photons stored in
different frequency modes (i.e. different AFC sections)
through their recall time. In succession we perform mea-
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FIG. 5. Multimode quantum storage. a) Creation of AFCs. The total, currently addressable bandwidth of 18 GHz
is divided into different spectral sections, each featuring an AFC with distinct peak spacing. Depicted is the case of four, 4.5
GHz-wide AFCs, created using two lasers operating at 1532.50 and 1532.70 nm. The AFCs feature peak spacings of 333 MHz,
200 MHz, 143 MHz and 111 MHz, corresponding to storage times of 3, 5, 7 and 9 ns, respectively. For each AFC, only a 1.3
GHz-wide section is shown. b) Storage and recall. When broadband heralded photons with 50 GHz bandwidth are mapped
onto a two-section AFC, where each section extends over 9 GHz bandwidth and has a peak spacing of 333 MHz and 200 MHz,
respectively, they are stored in two spectral modes and retrieved in two spectro-temporal modes, as shown in the back trace.
Decreasing the bandwidth per AFC allows increasing the number of AFCs (spectral modes), as demonstrated with the storage
of 4 and 6 spectral modes in the middle and the front trace, respectively. The modes are labeled fi. For each mode, g
(2)
si is
measured to be larger than 2 (see Table I).
mode storage g
(2)
si for spectro-temporal modes:
# time 9 GHz 4.5 GHz 3 GHz
f1 3 ns 16.8± 0.8 8.0± 0.6 5.7± 0.6
f2 5 ns 16.4± 0.8 7.2± 0.6 5.3± 0.6
f3 7 ns – 6.3± 0.5 5.4± 0.6
f4 9 ns – 5.2± 0.5 5.0± 0.6
f5 11 ns – – 3.4± 0.5
f6 13 ns – – 3.4± 0.5
TABLE I. Measured values of the cross correlation function of
each recalled spectral mode fi for different AFC bandwidths
and total numbers of modes. The storage times are given in
column 2.
surements with: i) two AFCs of 9 GHz bandwidth; ii)
four AFCs of 4.5 GHz bandwidth (this case is shown in
Fig. 5a); iii) six AFCs of 3 GHz bandwidth. The corre-
sponding histograms of coincidence detections, depicted
in Fig. 5b, confirm that two, four and six modes, respec-
tively, have been stored simultaneously. For each recalled
spectro-temporal mode, we find that g
(2)
si , listed in Table
I, exceed the classical limit of 2, thereby confirming mul-
timode storage of non-classical states of light in matter.
The frequency-to-time mapping described above was
used to unambiguously distinguish between different fre-
quency modes. This is convenient in our proof-of-
principle demonstration, but may not be required in all
applications. However, the ability to flexibly reconfig-
ure our light-matter interface in terms of the number,
bandwidth, storage time and frequency separation of the
AFCs lends itself to versatile manipulation at the quan-
tum level. In particular, it allows modifying the tempo-
ral shape of single photons by recalling different spectral
modes at the same time and with adjustable phases. As
an illustration Fig. 6 shows two different mappings of
6 spectral modes onto 3 distinct temporal modes. We
note that additional processing, e.g. pulse sequencing
and temporal compressing, relying on the frequency-to-
time mapping is possible by combining AFCs with fre-
quency shifters, as demonstrated in [18].
Discussion and Conclusion
A central feature of our demonstration is the large mul-
tiplexed storage and manipulation capacity of our atomic
interface for non-classical light. Yet, as noted above,
there are clear avenues to increase this even further. Our
additional investigations depicted in Appendix Fig. A3
show that at least a 14 nm span of the erbium absorp-
tion line is suitable for quantum state storage. If we
generate 8 GHz broad AFCs separated by 20 GHz, this
yields a total of 64 AFCs covering a combined bandwidth
of 64× 8 GHz = 512 GHz. Assuming 50 ns storage time
one could thus reach a time-bandwidth product of more
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FIG. 6. Pulse manipulation: The AFC memory with total
bandwidth of 2×8 GHz = 16 GHz is tailored such that simul-
taneously absorbed photons in 6 spectral modes (from f1 to
f6), each of 2.65 GHz bandwidth, are recalled in 3 temporal
modes either spaced by 4.5 ns (front trace), or by 1 ns (back
trace).
than 512 GHz × 50 ns ≈ 25000, which is equal to the
number of temporal–spectral modes that could be stored
simultaneously.
On the other hand, a number of improvements are re-
quired for our multiplexed light-matter interface to be
truly suitable for use in future quantum networks. First,
imperfect optical pumping during the preparation of the
AFCs currently results in a storage efficiency at 0.6 K of
1-2 % (see the Supplementary Information of [14]). How-
ever, as we describe in [15], we expect that it is possible
to substantially improve the optical pumping, e.g. with
lower temperatures and smaller erbium concentrations,
and hence to approach unit efficiency under certain con-
ditions.
Second, the ∼10 ms radiative lifetime of the 4I15/2 ↔4
I13/2 transition in erbium fundamentally limits the coher-
ence time to 20 ms. However, coupling to so-called two-
level systems [19], which are intrinsic to disordered mate-
rials such as glass fibres, reduces the coherence time, and
the attainable storage time is hence currently restricted
to a few tens of nanoseconds. While we anticipate that
this value increases with smaller doping concentration,
lower temperature [20, 21] (see Supplementary Informa-
tion of [14] for further discussions), it is an open question
whether or not it is possible to extend storage times to
hundreds of µs, which would, e.g., allow building a quan-
tum repeater based on spectral multiplexing [11]. Yet, we
note that not all applications of quantum memory require
long storage times, and that the figure of merit for multi-
plexing schemes is the time-bandwidth product. Hence,
our light-matter interface can be useful even without long
storage times.
Finally we point out that our storage device provides
pre-programmed delays, which is sufficient for increasing
the efficiency of multi-photon applications if one incor-
porates external elements that allow feed-forward-based
mode-mapping, e.g. frequency shifters [11]. However,
for some applications, it may be desirable to perform the
mode mapping during storage – a familiar example being
storage combined with read-out on demand, i.e. the pos-
sibility to select the recall time after the photon has been
stored. One option to enable this feature is to utilize the
Stark effect, which allows ’smearing’ out the AFC peaks
– whose spacing determines the recall time – after photon
absorption [22]. This would inhibit the rephasing of the
collective excitation and hence reemission of light after
tstorage = 1/∆, and lead to the possibility to recover the
original photon a time tstorage = n/∆ after absorption,
where n is an integer. Another possibility is to map the
optical coherence – created by the photon absorption –
onto a long-lived spin level (spin-wave storage) [23, 24],
e.g. a hyperfine level (caused by the non-zero nuclear spin
of 167Er3+) [25, 26] or a superhyperfine level (caused by
the interaction of Er with co-dopants in the host) [27].
However, this possibility remains challenging due to the
complex and not fully characterized structure of these
levels in erbium-doped fibres.
Provided that the performance of our light-matter in-
terface is improved as discussed, it can advance several
quantum photonic applications. For instance, by pro-
gramming AFCs with different storage times into differ-
ent spectral regions, it can serve as a time-of-flight spec-
trometer, which would, for example, allow fine-grained,
spectrally resolved photon measurements, including two-
photon Bell-state measurements in a quantum repeater
architecture based on frequency multiplexing [11]. As a
second example, our interface can be used to spectrally
and temporally tailor single photon wave packets, as ex-
emplified in our demonstrations, and thereby adapt their
properties for subsequent interfacing with other quantum
devices. More generally, by combining the interface with
feed-forward-controlled frequency shifters, e.g. broad-
band electro-optic phase modulators, it can be turned
into a programmable atomic processor for arbitrary ma-
nipulation of photonic quantum states encoded into time
and/or frequency [18]. This would find application in
optical quantum computing in a single-spatial mode [28]
or in atomic-interface based photonic quantum state pro-
cessing [29–32]. In addition, we note that the large mul-
tiplexing capacity of our light-matter can be increased
further by adapting multiplexing in spatial degree [33],
and/or angular orbital momentum degree [34] with use of
multimode erbium-doped fibers, as envisioned for future
fiber-based classical and quantum networks [35].
In conclusion, we have presented a quantum light-
matter interface that is suitable for multiplexed
quantum-information-processing applications. More pre-
cisely, we have demonstrated a large time-bandwidth-
product memory capable of multimode storage of non-
classical light created via spontaneous parametric down-
conversion, and showed that our light-matter interface
can be employed for quantum manipulation of broad-
7band heralded single photons. The fully pigtailed pho-
ton source and the fibre-based memory, along with
telecommunication-wavelength operation and commer-
cial availability, makes our demonstration important in
view of building future fibre-based quantum networks.
METHODS
Erbium doped silica fibre
We use a 20 m long, commercially available single-
mode, 190 ppm-wt erbium-doped silica fibre specified
to have 0.6 dB/m absorption at 1532 nm wavelength at
room temperature. At 1 K we measure 0.1 dB/m ab-
sorption at 1532 nm wavelength (see Fig. 4). In addition
to Er, the fibre is co-doped with P, Al and Ge. The fi-
bre is spooled in layers around a copper cylinder with
∼4 cm diameter that is thermally contacted with the
base plate of an adiabatic demagnetization refrigerator
(ADR) maintained at about 0.6-0.8 K and exposed to a
field of ∼600 G inside a superconducting solenoid mag-
net. This setup induces about 70% bending loss from in-
put to output, mainly because of the insufficiently large
diameter of the erbium-fibre spool. The fibre is fusion-
spliced to standard single mode fibres (SMF-28) at each
end with less than 5% loss per splice.
Preparation of AFC
The memory is prepared using the setup described in
Fig. 1. Frequency chirped laser pulses, applied 500 times
per pumping cycle of 500 ms duration, allow frequency-
selective optical pumping of erbium ions into a long-
lived Zeeman level, and hence the formation of peaks and
troughs of the AFC. A polarization scrambler (PS) ran-
domly changes the polarization of the pump light every
500 µs to ensure that heralded photons, which propagate
counter to the optical pumping light, are absorbed re-
gardless their polarization state [13]. Upon completion of
the optical pumping, a significant portion of the erbium
ions accumulate in the auxiliary ground state Zeeman-
level |s〉 (see Fig. 2), whose decay at 0.7 K and under a
magnetic field of 600 Gauss is characterized by two life-
times of 1.3 s and 26 s [15]. However, a considerable
amount of atoms remains in excited level |e〉, and sub-
sequent spontaneous emission from these would mask all
recalled photons. Thus, to eliminate this spontaneous
emission noise we set a wait time of 300 ms, which is
significantly larger than the 11 ms exited level lifetime.
Following the wait time, we store and retrieve many her-
alded single photons during a 700 ms measurement time.
The retrieval efficiency of our AFC is about 1-2%, which
is primarily limited by residual absorption background
as a result of incomplete population transfer during the
optical pumping, (see Supplementary Information of [14]
for further details)
Superconducting nanowire single photon detectors
The detection of the telecom-wavelength photons is
carried out by a set of superconducting nano-wire single-
photon detectors (SNSPDs) [36] attached to the base
plate of the ADR and maintained at the same temper-
ature as the memory. In our setup, the tungsten sili-
cide (WSi) SNSPDs have efficiencies of about 70% which
includes the loss due to fibre-splices and bends. Their
detection efficiencies exhibit a small polarization depen-
dence of about 5%. The time jitter of the detectors is
around 250 ps, which allows us to resolve detection events
separated by 1 ns (see Fig. 6). We measure the dark count
rate of the detectors to be about 10 Hz, which results in
a negligibly small contribution to accidental coincidences
and hence high signal-to-noise ratios for the coincidence
detections of the recalled photons.
Coincidence and g(2) measurements
All detection signals are directed to a time-to-digital
converter (TDC), which allows recording detection times
with a resolution of 80 ps. The detection of the herald-
ing (idler) photon on SNSPD1 is used to trigger (start)
the TDC. The other member of the pair (the signal pho-
ton) is detected by SNSPD2 – either as recalled (delayed)
photon after storage, or as a directly transmitted photon
through the erbium fibre that features no extra delay –
and sent to the TDC, which records the time interval
from the trigger signal. This allows us to generate his-
tograms of the time-resolved coincidence detections be-
tween signal and idler photons (see, e.g., Fig. 3).
To calculate g
(2)
si using Eq. 2, we extract the values
for the rates of the coincidence detection Rsi(t = 0) and
the individual detections Rs and Ri from coincidence his-
tograms. Here we have explicitly stated the time differ-
ence between the coincidence detections to be 0. We note
that, since the photon-pair generation process is sponta-
neous, there is no statistical correlation between subse-
quent pair generation events. Hence we can re-write the
product RsRi as Rsi(t 6= 0), i.e. as the coincidence de-
tection rates for signal and idler photons that are not
members of the same photon pair, which is often referred
to as accidental coincidence count-rate [37]. We extract
Rsi(t = 0) from a coincidence histogram by counting all
detections within the “coincidence peak” that is centred
at time t0 and has width tp, and normalizing this number
by measurement time and coincidence window width tp.
Similarly, Rsi(t 6= 0) is evaluated by appropriate normal-
ization of coincidence counts taken in a window of width
tbg that is adjacent to the “coincidence peak”. Hence,
to evaluate g
(2)
si from experimental histograms of coinci-
8dence counts Rsi(t) we use
g
(2)
si =
tbg
∫ t0+tp/2
t0−tp/2 Rsi(t)dt
tp
∫ t0+tp/2+tbg
t0+tp/2
Rsi(t)dt
. (3)
For all the cross-correlation values in this paper we used
coincidence windows tp = tbg = 0.8 ns.
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Appendix Figure A7. Characterisation of g
(2)
si before storage vs. SPDC pump power. We measure the second-order
cross-correlation function given in Eq. (2) as a function of SPDC pump power before storage in the AFC memory. All measured
values of g
(2)
si exceed 1000, which is substantially above the classical limit of 2 for thermal light fields – having a photon number
distribution following Bose-Einstein statistics). The large uncertainties of g
(2)
si for low pump powers are due to small photon
pair generation rates in conjunction with the relatively short data accumulating times.
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Appendix Figure A8. Storage efficiency vs. AFC bandwidth. Due to the limited splitting and significant broadening of
the Zeeman-levels – employed as shelving levels for the population that is optically pumped to tailor an AFC – the bandwidth
of each individual AFC is limited. More precisely, as the AFC bandwidth increases, population removed from one edge of the
AFC starts filling the troughs at its opposite edge, leading to a reduction of the recall efficiency. This behaviour can be seen
from a), where the rate of detected heralded photons at the memory output is plotted as a function of the bandwidth of a
single AFC at 1532 nm. As the bandwidth is increased the memory efficiency initially grows, but then reaches a plateaus. In
b) we plot measured and estimated efficiencies per AFC bandwidth, normalized to 1 for a 1 GHz broad AFC. As expected, we
find a monotonous decrease as the total bandwidth increases.
11
0
1
2
3
4
1526
1528
1530
1532
1534
1536
1538
1540
5
10
50
100
150
200
250
300
Co
un
ts
 p
er
 m
in
ut
e
Wav
elen
gth
 [nm
]
Time [ns]
O
pt
ic
al
 d
ep
th
Appendix Figure A9. Total accessible AFC bandwidth. To assess the total width of the inhomogeneously broadened
absorption line of the erbium-doped fibre that is accessible for quantum storage, we tune the wavelength of the optical pumping
laser to generate 1 GHz wide AFCs with 10 ns storage time over a spectral interval ranging from 1526 nm to 1540 nm wavelength.
We then store 2 ns long attenuated laser pulses with mean photon number of 0.5 ± 0.1, generated at an effective mean rate
of 100 kHz, in the AFC. We observe recalled photons in all cases, showing that the entire bandwidth of 14 nm is suitable
for optical quantum memory (i.e. spin level lifetimes as well as optical coherence times are sufficiently large). The observed
variation in the echo intensity is predominantly due to the different initial optical depths of the transition. The temperature
of the fiber was 0.8 K and the magnetic field was 600 G.
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APPENDIX 1: INTEGRATED PHOTON PAIR
SOURCE
In the following, we detail the structural properties and
fabrication of our non-classical light source. Our heralded
single photon source (HSPS) operates by creating photon
pairs through spontaneous parametric down-conversion
(SPDC) in a fibre-pigtailed PPLN crystal waveguide with
type-0 phase matching. Although the time at which pho-
ton pairs are generated by illumination with a CW pump
laser is random and cannot be known precisely, the tem-
poral correlations between a pair of photons created by
SPDC are well-defined, and the detection of one pho-
ton can be exploited to successfully herald the arrival of
its twin. In our HSPS, an optical fibre couples the pump
photons that are generated from a CW laser into an opti-
cal waveguide, which is located inside the lithium niobate
crystal. The optical waveguide extends across the entire
length of the 50 mm long, 0.5-mm thick Z-cut lithium
niobate chip. In the central region of the lithium niobate
chip, the ferroelectric polarization of the lithium niobate
is periodically inverted over a total length of approxi-
mately 40 mm. The input pump photons are converted
to photon pairs in this periodically poled region through
the interaction of the pump field with this second order
(χ(2)) nonlinear medium. In order to generate photon
pairs with high efficiency through SPDC, the periodi-
cally poled region and optical waveguides were designed
to satisfy the following quasi-phase matching [38, 39] con-
dition:
np
λp
− ns
λs
− ni
λi
=
1
Λ
(A4)
where Λ is the period of the poled domains and np (λp),
ns (λs), and ni (λi) are the effective refractive indices of
the waveguide at the pump, signal, and idler wavelengths
λp, λs, and λi, respectively. The effective indices of re-
fraction of the optical waveguides at the pump, signal,
and idler wavelengths were determined by performing nu-
merical analysis. For generation of frequency degenerate
photon pairs with λs(i) ≈ 1532 nm from a pump pho-
ton with λp ≈ 766 nm, the optimal period of the poled
domains was observed to be approximately 17 µm.
The PPLN waveguides were fabricated using a Ti-
indiffusion process, where a titanium layer was applied
to the Z surface of a lithium niobate crystal and Ti-
indiffusion was achieved by heating the crystal in a
furnace at T ∼ 1000◦C. The PPLN waveguide width
was 7 µm, and single mode operation was observed at
λ ∼ 1532 nm for PPLN waveguide widths < 8 µm. The
photon pairs generated inside the PPLN waveguide are
collected in an optical fibre, and SMF-28 fibre was used
to ensure single mode propagation. In order to achieve
stable and reliable optical coupling, SMF-28 optical fi-
bre connectors were attached to the PPLN crystal using
UV-cured epoxy. In order to reduce the optical coupling
loss between the PPLN waveguide and the optical fibre
and, therefore, increase the heralding efficiency of our sin-
gle photon source, tapered and periodically segmented
waveguide (PSW) geometries [40] were integrated into
the optical waveguide design. A detailed description of
the optical modeling that supported the development of
the PPLN waveguide and the PSW taper designs used
in our HSPS has been presented in a prior publication,
along with supporting optical test and characterization
data [41].
For this work, the CW pump power level was limited
to less than ∼ 100 µW. This power level constraint
was a consequence of the photorefractive effect. For
pump power levels < 100 µW, the rate at which photon
pairs are generated scales linearly with pump power. At
pump power levels > 100 µW the rate of photon pair
generation no longer scales linearly with pump power,
and the pair generation rate will start to saturate and
eventually degrade as the power level is increased. To
enable operation at higher power levels, our team is
currently designing Ti-indiffused PPLN waveguides to
operate at T > 120◦C, because photorefractive effects
are significantly reduced at elevated temperatures.
We are also designing, fabricating, and characterizing
proton-exchanged and Zn-indiffused PPLN waveguides,
which are less sensitive to photorefractive effects than
Ti-indiffused waveguides.
APPENDIX 2: QUANTUM CORRELATIONS
AND STORAGE IN AFC MEMORY
Below we discuss how the parameters that govern the
storage of photons generated by the SPDC source de-
termine the measured cross correlations both before and
after storage. We start by restating Eq. (2) in the main
text for g
(2)
si in terms of experimentally measurable quan-
tities
g
(2)
si =
Rsi
Racc
, (A5)
where Rsi is the photon pair coincidence count rate and
Racc is the accidental count rate, which is identical to
the quantity Rsi(t 6= 0) defined in the Methods section
of the main text. Racc has in principle contributions
from multi pair emissions of the source as well as detector
dark counts. However, at the rate of 10 Hz, the latter is
negligible. For the case in which the fibre memory is
bypassed, Rsi can be decomposed as
Rsi = 0.5η
2
cη
2
dR+Racc , (A6)
where ηc, ηd and R are the collection efficiency of signal
and idler photon, the detection efficiency of the SNSPDs,
and the photon pair generation rate, respectively. We ex-
tract ηc from measurements of the coincidence and signal
count rates, Rsi and Rs, respectively, and the detection
efficiency of the SNSPD on the idler side to be about
8.6%. As shown in Fig. A7 we measure g
(2)
si values in
excess of 1000, which points to Racc being only a very
small fraction of Rsi.
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With the addition of the AFC memory for the storage
of one member of the photon pair, this expression can be
written as
R′si = 0.5η
2
cη
2
dηsR+R
′
acc , (A7)
where ηs is the system efficiency for the recalled photon
in a specific spectral and temporal mode, and R′acc is
the accidental coincidence rate measured when the AFC
memory is operated. By inspecting Eqs. A5 - A7, we
find that g
(2)
si will be reduced if R
′
acc > ηsRacc. Hence,
g
(2)
si will decrease either due to a low ηs or due to addi-
tional noise induced by the memory. In the following we
elaborate on both effects.
First, the system efficiency ηs can be considered a
product of three factors: the retrieval efficiency of the
AFC memory ηm, the transmission factor ηt that takes
into account the optical loss in the erbium-doped fibre
due to splices and bending as well as in the optical circu-
lator, and a filtering factor f (0 ≤ f ≤ 1), which is given
by ratio of the bandwidth of the AFC section of interest
and the bandwidth of the input photons (50 GHz). While
ηt, which we measured to be 14%, is a constant in all ex-
periments, both ηm and f depend on the preparation of
the AFC. It is obvious that f is directly proportional to
the AFC bandwidth, and we also find that the recall effi-
ciency ηm decreases with increasing bandwidth of a single
AFC, as described in Appendix Fig. A8. Of course, a re-
duction of ηs does not necessarily decrease g
(2)
si unless a
noise source that is independent of ηs is present, e.g.,
ultimately, detector dark counts.
Provided the transmission loss and the filtering fac-
tor are known, the AFC retrieval efficiency can directly
be determined for any spectro-temporal mode by time-
resolved measurements of Rsi and R
′
si (corresponding to
the cases with and without memory, respectively), since
ηm is given by
ηm =
1
ηtf
R′si −R′acc
Rsi −Racc . (A8)
This formula, combined with independently determined
values for the filtering factor and ηt, is used to compute
the memory efficiency ηm plotted in Fig. 4 in the main
text and Appendix Fig. A8.
Next, we investigate the noise sources contributing to
R′acc. We start be writing the accidental coincidence rate
as
R′acc = ηsRacc +Rnoise , (A9)
where Racc is the same as that defined in Eq. (A6) — note
that it appears as a product with the system efficiency
ηs. Hence, the cross-correlation function cannot be re-
duced due to any source of accidental coincidences that
is already present without the memory. However, the
term Rnoise, which includes two sources that are unique
to the operation of the memory, leads to a reduction of
g
(2)
si . i) The first source of noise is the light spontaneously
emitted from the small fraction of atoms that are excited
during optical pumping and remain in the excited state
after 300 ms of waiting time. In principle, this noise
and the resulting accidental coincidences can be further
suppressed by extending the waiting time and better op-
timization of the intensity of the optical pumping light.
ii) The second source of noise is due to SPDC photons
that are absorbed by atoms that do not contribute to the
reversible mapping via the AFC i.e. atoms that either re-
main in a trough (and hence contribute to the AFC back-
ground), or that are outside of the AFC section. These
photons are spontaneously re-emitted within the lifetime
of the excited level (10 ms) and can be accidentally de-
tected in coincidence with the heralded photons.
To highlight the effect of spontaneous-emission noise,
we rewrite Eq. (A5) taking into account Eqs. (A7) and
(A9)
g
(2)
si =
R′si
R′acc
=
0.5η2cη
2
dR+Racc +Rnoise/ηs
Racc +Rnoise/ηs
. (A10)
This shows that even though the number of sponta-
neously emitted photons may be much smaller than the
number of input SPDC photons within the AFC band-
width, they can nevertheless cause an significant reduc-
tion in g
(2)
si . This is mainly a consequence of our small
current system efficiency ηs, on the order of 0.1%.
There is a number of ways to reduce the effect of
spontaneous emission noise, one obviously being to
increase the AFC efficiency. Another path is to reduce
the bandwidth mismatch between the input photons
and the tailored AFC sections. In spectral multiplexing
applications this could be accomplished by using mul-
timode sources that produce photons only in spectral
modes that are matched to the AFC sections. Another
solution is to implement additional filtering to remove
the spectrally unmatched portions of the input photons
prior to the memory.
